Abstract: This paper proposes an approach for integrating Plug-In Hybrid Electric Vehicles (PHEV) to an existing residential photovoltaic system, to control and optimize the power consumption of residential load. Control involves determining the source from which residential load will be catered, where as optimization of power flow reduces the stress on the grid. The system built to achieve the goal is a combination of the existing residential photovoltaic system, PHEV, Power Conditioning Unit (PCU), and a controller. The PCU involves two DC-DC Boost Converters and an inverter. This paper emphasizes on developing the controller logic and its implementation in order to accommodate the flexibility and benefits of the proposed integrated system. The proposed controller logic has been simulated using MATLAB SIMULINK and further implemented using Digital Signal Processor ( 
Introduction
With the shooting prices of fossil fuels, towering increase in consumption of electric energy and growing global awareness about the ecosystem, it is prime time to search for ways to optimize the generation, storage and use of electric power by involving cleaner and more reliable methods. Moreover the rising demand of electric power is taking its toll on the aging and overloaded US power grid. Hence, there is immediate need to investigate ways which reduces the stress imposed on the grid. To mention some ways, power generation from kinetic energy present in water, tides and wind, the heat present in rays of sun reaching the earth are some of the best examples which fit the word cleaner generation. Out of all the renewable sources of energy, the one which every resident can eas-ily implement is harvesting solar energy. But, one of the major drawbacks in harvesting solar energy is that peak generation of solar power generally does not occur at the same time as the peak demand of a distribution system. Hence solar power alone is a nondispatchable source [1] . But it is also true that, this can be made dispatchable when combined with other assets such as external battery storage.
On the other hand, if we look at the current trend, we can also observe significant research going on in the field On the other hand, if we look at the current trend, we can also observe significant research going on in the field of PHEVs. High penetration of PHEVs is expected in the next 5 to 10 years [2] . One of the primary reasons for this is again the aggravating prices of crude oil and growing global awareness about the ecosystem. This is driving more people to invest in electric vehicles, which work out to be much cheaper when compared to vehicles which run on crude oil like Petrol, Bio-Diesel etc. Table 1 provides the dollar per mile values of conventional (gasoline driven) vehicles and PHEVs. It can be observed that the operation price of PHEVs is 30% of the fuel cost of conventional vehicles [3, 4] .
In one way it is commendable that people are attaining awareness about Plug-in Hybrid Vehicles (PHEV), but the impact of this PHEV revolution on the existing grid is a matter of concern. In the first place we should realize the fact that United States has energy consumption which is well above that of other civilized countries. Per capita, U.S citizens use twice as much energy as Europeans and ten times as much as Chinese [5] .
In view of this, this paper investigates the feasibility and advantages of integrating PHEVs to grid connected residential photovoltaic systems with the goal of optimizing the flow of power across the grid. This will also facilitate PHEV as an external battery storage system due to which solar energy can be made dispatchable.
The future of residential photovoltaic looks more promising than the present. This can be justified based on the following reasons:
• The PV system is able to utilize the roof for support structure, eliminating land and direct structure expenses [6, 7] .
• The potential revenue of the home-owner along with a PHEV selling energy to the power grid for regulatory and spinning reserve purposes is of interest. Investigation results suggest that PHEVs along with support of residential photovoltaic system could generate significant annual revenue for the owner [8] .
• European Joint Research Centre (JRC) forecasts that solar photovoltaic power generation will become the mainstay of world's energy in the near future. Solar photovoltaic power generation will account for more than 10% of world's total electric supply [9] .
• Photovoltaic power generation will become the mainstay of world's energy in the near future. Solar photovoltaic power generation will account for more than 10% of world's total electric supply [9] .
In the proposed system the residential load can draw electric energy either from the power grid or from a personal eco-system consisting of a photovoltaic generating system along with a PHEV.
Significance of proposed paper
The rising demand of electric power is taking its toll on the aging and overloaded US power grid. Hence there is immediate need to investigate ways to reduce the stress imposed on the grid. The proposed integration of PHEVs into a PV system will provide the flexibility to charge the vehicle from a renewable source of energy thus adding no stress on the grid, along with exploring the possibility of using PHEVs as an energy storage unit and also as a fuel efficient and eco-friendly medium of transportation. Literature review suggests that, other than providing basic transportation, PHEVs have diversified facets. Some mention PHEVs as distributed energy storage devices for connecting them to the grid [10] [11] [12] [13] , others just see them as those which transfer emissions from vehicle tailpipes to power plants [14] . A single PHEV may not be capable of bolstering the capability of the power grid without putting undue demand on preexisting generation [15] . In order to provide the capacity for supplying power to the grid large number of PHEVs should be connected to the network. Whereas, expected penetration can be achieved only if the vehicle is marketable. The novel approach proposed in this paper is that a PHEV in a multicar family assists the PV array in catering the residential load with the goal of avoiding the consumption of electrical energy from the power grid. Also, PHEVs can be charged from a renewable energy source. PV array can supply power to the grid, where as PHEV does not supply power to the grid directly. This function can be named vehicle-to-DC link (V2DC). In the case of pre-existing grid connected PV system, It may be mentioned that system will have its own PCU consisting of a PV inverter with a front end DC-DC converter. Hence two out of three converters in the proposed PCU are already available. In order to integrate a PHEV into the system which can serve as an energy storage unit as well, only one additional DC-DC boost converter needs to be added to the pre-existing PCU along with the controller. This allows the PHEV to be used as a supplementary source for assisting the PV array.
Proposed methodology
This paper emphasizes on developing the controller logic and its implementation in order to accommodate the flexibility and benefits of the proposed integrated system. The block diagram in Figure 1 provides a high level view of this possibility. The block diagram consists of four primary blocks.
The first and the foremost block consists of an array of Photo Voltaic Cells (PV Array), which acts as a source of power. The next block consists of a Plug-in Hybrid Vehicle (PHEV), which acts as an energy storage unit. There is also the residential load and the power grid.
The PV Array and PHEV as shown in Figure 1 delivers power to the load through the Power Conditioning Unit (PCU). Terminals of the battery present in the PHEV should be connected to the PCU, for the PHEV to act as a source. Where as, charging of PHEVs can be done in the classical way, that is, through a standard connector. For this purpose, SAE J1772 which defines the standard connector between the infrastructure and PHEV for power delivery may be used. While being charged the PHEV will be a part of the residential load. Charging of PHEV's will be suspended for cases where discharging of PHEVs is involved At any point in a day, if the PV array supplies more power than needed, excess power is directed to the grid. The directions of power flow in the integrated system will be controlled by the controller.
Similarly switching signal S PHEV should be set for the PHEV to supplement the power generated from the PV array. For the condition in which all the power is supplied from the grid, PCU can be disabled by turning off all the controlling switching signals.
Power flow in the circuit will be monitored and controlled by the operation mode control logic, which is explained the next section in detail. As shown in Figure 2 , the operation mode control logic of the controller is based on two inputs; 
Control flow chart
The basic operation mode control logic is represented in the flow chart in Figure 3 . In the flow chart new terms are used for clarity: P PV the minimum power required to cater the needs of the residential load; P PV -the maximum value of power level above which residential load does not need any power; T SOC -the threshold value of state of charge (SOC) of the battery pack inside PHEV, which decides whether PHEV to be a load or source. P PV can be considered as the primary variable, based on which operation can divided into five cases. CASE 1: PPV = 0: Power supplied by PV array is nil, and power is drawn from the grid. In this case, switching signals will not be generated for the PCU and the switch S will be closed. CASE 2: P PV >0 & P PV < P PV & SOC > T SOC Power supplied by PV array is less than P PV , and SOC of the battery pack is greater than T SOC ; supplementary power is drawn from the PHEV and charging of PHEV is sus- pended. In this case, necessary switching signals will be generated for both of the front end DC-DC converters such to keep the voltage levels are constant at the input of inverter. Also necessary sinusoidal pulse width modulation signals are supplied to the inverter ensuring proper operation of the inverter. The switch S , S will be kept open, with S closed. CASE 3: P PV > 0 & P PV < P PV & SOC < T SOC Power supplied by PV array is less than P PV , and SOC of the battery pack is less than T SOC ; supplementary power is drawn from the grid. In this case, necessary switching signals will be generated for the front end DC-DC converter, of PV array, such to extract maximum power form the PV array; along with disconnecting the PHEV from the system. Also, necessary sinusoidal pulse width modulation signals are supplied to the inverter ensuring proper operation of the inverter. The switch S will be kept open, with S , S closed. CASE 4: P PV > 0 & P PV < P PV < P PV Power supplied by PV array is greater than P PV and less than P PV ; residential load is catered by the PV array alone. In this case, necessary switching signals will be generated for the front end DC-DC converter, of PV array, such to extract maximum power form the PV array; along with disconnecting the PHEV from the system. Also, necessary sinusoidal pulse width modulation signals are supplied to the inverter ensuring proper operation of the inverter. The switch S , S will be kept open, with S closed.
Power supplied by PV array is greater than P PV ; the extra power is supplied to the grid. In this case, necessary switching signals will be generated for the front end DC-DC converter, of PV array, such to extract maximum power form the PV array; along with disconnecting the PHEV from the system. Also, necessary sinusoidal pulse width modulation signals are supplied to the inverter ensuring proper operation of the inverter. The switch S will be kept open, with S , S closed.
Modes of operation
The block diagram of PCU for the proposed system is presented in Figure 4 . The state of the components present in the circuit is decided based on the magnitude of output power of PV Array and State of Charge of PHEV battery. Figure 5 furnishes the details of the components operating in different modes. In Case 1, PV Array and PHEV are not operational, where as the residential load is catered completely by the power grid. In Case 2, PV Array and PHEV are functional and no power is drawn from the Power Grid. In Case 3, PV Array and Power Grid takes care of the load. In Case 4, PV Array alone can cater the Residential Load. In Case 5 also PV Array alone can cater the load; additionally power which is generated will be supplied to the grid. Table 2 mentions about the state of switches S , S , and S , as with reference to Figure 2 , with the change in modes. Generally for a typical modern family, demand reaches its maximum in the morning and in the evening; where as from late morning till evening demand will be at its minimum.
But for the simulation, the residential demand remains the same and will be at its peak all through the day. The daily power profile for each component is furnished in Figure 6 , which shows the profiles for: the power generated from the solar array, state of charge of PHEV battery, power drawn from PHEV battery, power flowing from the grid and the power flowing to the grid. If the residence has more than one PHEV, there may be times when there will be more than one PHEV connected to the PCU. Of course, if the PHEV is not present in house when needed, the supplementary power is supplied form the Grid (Case 3). 
Cost to benefit analysis
Major percent of car owners consider buying the PHEV considering its efficiency in fuel consumption. If optimized, PHEVs can give back lot more to the car owners. With the car manufacturers providing necessary hardware and local energy providers coming up with a simple market policies along with dynamic pricing schemes; they can attract large number of car owners. Compared to flat rates, TOU rates provide more incentives for customers to shift load to less expensive hours. For calculation of money saved by a residence with the proposed system, electricity tariffs from Baltimore Gas & Electricity (BG&E) is used [17] . Table 3 gives more information on specific TOU periods and rates, corresponding flat rates in the summer. The prices shown here only represent the energy and delivery charges and do not include other service charges and taxes [18] . The distinction of the proposed system lies in the financial savings it can provide to the house owner. This section throws light on the financial benefits the house owner will undergo, on monthly basis, due to the proposed system in place. Figure 7 shows the daily load profiles a average US residence on a summer week day [19] . Figure 8 shows the PV generation curves of the PV panel. To calculate the benefits of a house owner, equations which govern the load profile and solar generation as a function of time should be obtained. The load profile in Figure 7 can be represented using a 7th order polynomial, which is shown in equation (1). Also, the solar generation can be modeled using the equation (2).
From the calculations based on equations (1), (2) and TOU rates in Table 3 -a reduction of 49% in monthly electricity bill, can be observed with only grid connected residential photovoltaic system installed. With PHEV integrated onto the existing grid connected residential photovoltaic system, as proposed in this paper, the monthly electricity bill further drops down by 34%. 
Simulation results
The logic presented in the flow chart in Figure 3 is simulated with the help of Matlab Simulink. The circuit is built by using Simscape toolbox in Simulink and the 5 modes of operation were verified. Solar Cell module from Simscape is used to simulate the behavior of a solar cell, and Incremental Conductance Algorithm (ICA), implemented in Stateflow toolbox, is used to operate the PV array at MPPT. As the power supplied from PV array varies in a day, the source from which the residential load is catered varies accordingly. The simulation results for all the cases are provided. Figure 9 , show the waveforms at the output of the converter blocks in the Power Conditioning Unit for all cases.
A. Case 1 From midnight to daybreak and from late evening to midnight, the power generated from PV array is negligible. The Power Grid supplies the load power. Figure 9 show the waveforms at the output of converter blocks in the Power Conditioning Unit for Case 1.
B. Case 2 & Case 3
In the early morning PV array starts generating power, which may be not enough to cater the residential load. Hence, supplementary power is either drawn from Power Grid or PHEV. From late morning to middle evening, PV array alone may supply the power required for the residential load. Suppose if power generated from PV Array is more than the demand, excess power is fed to the grid. Figure 9 shows the waveforms at the output of converter blocks in the Power Conditioning Unit for Case 4 and Case 5. 
Experimental results
A laboratory prototype of the PCU and the associated control was implemented to validate the proposed control method. TMS320F28035 Piccolo Card, by Texas Instruments (TI), was used as the single chip DSP controller to generate all the necessary control signals. Figure 10 , represents the block diagram of the system that was implemented. Components involved inlude-Current source (regulated DC voltage source in series with a current regulator), Renewable Energy Kit (REK) and power pole board from Hirel. The DC-DC boost converter for PV stage and the inverter is a part of REK; and the DC-DC converter for PHEV stage is the Power-Pole board from Hirel. A rectified DC voltage source in series with a LM317, in current regulator mode, is used to simulate the solar panel. Since, the main idea behind this thesis is independent of solar cell specific characteristics, any constant current source can be used for this purpose. The DC voltage, so generated, is boosted using a DC-DC boost converter circuit present in the Renewable Energy Kit. In place of the PHEV, a 12 V 7 Ah Lead Acid battery is used. The output of the DC-DC converter at the PV stage and the DC-DC converter at the PHEV stage is connected to the single phase full bridge inverter present in the Renewable Energy Kit. As stated in the Section IV, the directions of power flow in the integrated system will be controlled by the controller. The user can decide the magnitude of V , which in-turn is decided by the value of V PV . Hence, based on the V PV entered by the user and the V PV available, D PV is calculated and further loaded on-to the DSP microcontroller, based on 2 pole 2 zero control loop. This is an attempt to immune the V , from varying sun conditions. For both the PV system and the battery pack in PHEV to contribute to the residential load, voltage magnitudes at their terminals, V PV , V PHEV respectively, should be equal. Hence, the V PV is used to monitor the output voltage magnitude at the PHEV stage, i.e., V PHEV .
SOC of the battery pack decides whether PHEV to act as a load or a source, and SOC of battery can be characterized by the VOC of the battery. To determine the magnitude of V OC , the D PHEV was set to zero for a predetermined time and voltage magnitude at the battery terminals was sensed, which decides the V OC of the battery. Figures 11(a) through (e) illustrates the experimental results at the output of each power converter stage for Case 2. Of all the the five modes of operation, explained in the Section 5, Case 2 involves operation of all the components of PCU.
Scaled down version for grid integration
As explained in Section 4, in one of the five cases, there may exist a condition in which power is supplied to the grid. Grid-tied inverters are expected to synchronize the output they produce with the grids utility grade AC line, allowing the system to feed its energy to the utility grid. Therefore, the inverter control algorithm should be capable of synchronizing its AC output to the exact AC voltage and frequency of the grid.
On the renewable energy board, specific pin is connected to the utility to monitor the zero crossings of the line voltage, so that, the inverter output and the mains power system can be synchronized. After scaling down the utility voltage by the transformer, and necessary signal conditionings on the board, the zero crossing pulses, generated by an on-board comparator, are sent to the GPIO (General Purpose Input Output) pin on the MCU, to set the external interrupt flag. Each time the zero crossing pulse is received by MCU; the code checks the phase angle of reference signal and keeps the phase angle difference to minimum, simply by adjusting the frequency of reference signal. This procedure provides able synchronization of utility voltage and inverter output reference signal. Figure 12 furnishes the waveforms of voltage at the terminals of the inverter (V ), voltage sensed from the grid (V ) and the ZCD signals generated after the synchronizing V and V .
Conclusions
This paper proposes an approach for the control and optimization of power flow by integrating Plug-in Hybrid Vehicles (PHEV) to an existing grid connected residen- Figure 12 . Voltage of inverter synchronized with AC line voltage tial photovoltaic energy system. The power conditioning unit for the proposed integration consists of two DC-DC boost converters and an inverter. The power flow control logic is presented and five different operation modes are defined. The system is simulated using the SimPowerSystems toolbox in MatLab Simulink and the simulation results are presented. The proposed integrated system promises flexible and efficient control of power flow in modern grid-connected residential photovoltaic systems with the possibility of using PHEVs to serve as an energy storage unit along with as an efficient means of transportation. Moreover, PHEV can also be charged from a renewable energy source
